Abstract There is lack of information regarding ammonia nitrogen (AN), (i.e. NH 3 -N) decay rate of river water in tropical regions like Malaysia. AN decay rate is a very important kinetic parameter to estimate NH 3 -N, nitrate nitrogen (NO 3 -N) and dissolved oxygen concentrations of river water by using computer models. This study presents determination of ammonia nitrogen decay rate of river water in the tropical environment of Malaysia. A laboratory flume was used to conduct twelve experiments. The flume was used to represent the turbulent condition of a typical river. Ammonia nitrogen decay rate for the tropical environment of Malaysia was observed to be between 0.194 and 0.554 per day. Median value of AN decay rate was 0.26 per day, which is slightly lower than the global median value of 0.295 per day. To check the accuracy of flume experiments, the AN decay rate of Pusu River obtained from the flume experiment was used to calibrate and validate ammonia nitrogen concentration of the river by using water quality analysis and simulation program (WASP). Very good calibration and validation results were achieved, which substantiated the accuracy of the flume experiments.
Introduction
The wastes discharged into the river system generated by human activities in municipal, industrial and agricultural areas are degrading the river system (Kannel et al. 2007 ). At present around 60% of the rivers of our planet are degraded or being modified heavily because of human activities (Yuan et al. 2005) . River water quality models are extensively being used to deal with water quality management issues (Rauch et al. 1998; Ye et al. 2013) . River water quality models need to be calibrated and validated for the river under study before simulating scenarios for solution. The calibration and validation are done by varying the kinetic rates until the model predicted water quality come into good agreement with the observed water quality data. Therefore, determination of kinetic parameters is very important for water quality modeling.
Ammonia nitrogen (AN) is a very important water quality parameter as it is toxic in nature for the aquatic lives. AN can be oxidized upon the availability of oxygen (O 2 ) and converted to nitrate nitrogen . Therefore, the decay of AN is an important phenomenon for river water quality modeling as it affects dissolved oxygen (DO) and NO 3 -N concentration of river water. Aerobic autotrophic bacteria such as Nitrosomonas (ammonia oxidizers) and Nitrobacter (nitrite oxidizers) are responsible for the decay process of ammonia. Anaerobic ammonium oxidation (anammox) is also possible in a reactor (Raudkivi et al. 2017) , which is mainly used in for nitrogen-rich wastewater treatment (Zekker et al. 2015) . The up-flow anaerobic sludge blanket (UASB) reactors were developed for the effective domestic wastewater treatment (Rikmann et al. 2014) . However, anammox does not occur in river system. Chapra (2008) mentions that decay of AN in a river can be zero immediately after a sewage effluent location, where oxygen concentration is very near to zero. Removal of AN depends on several other abiotic factors such as pH, temperature, salinity, sulfides . Decay rate information is available for many parts of the world such as USA, Canada, China, South Korea, etc. Known decay rates of a region help to compare the results of a new study in that region. However, little is known about the AN decay rate of rivers in the tropical region like Malaysia. After calibration and validation of a river water quality model, the kinetic rates are usually compared with the typical values of that region, which cannot be done always in case of tropical climatic areas due to lack of study on river water quality kinetics in this region. Therefore, the objective of this study is to investigate the typical ammonia nitrogen decay rate of river water in Malaysia.
There are several methods to investigate the decay rate. One of them is field method, which has several preconditions such as uniform cross section of river reach under study, single point source, uniform flow. These conditions make the study difficult as the conditions cannot be fulfilled always. On the other hand, laboratory bottle method can also be used to determine nitrogenous biochemical oxygen demand (NBOD) decay rate. NBOD decay rate and ammonia nitrogen decay rate are the same (Chapra 2008; Haider 2010 ). However, the disadvantage is that bottle rate is always lower than the actual rate in the river as bottle water is stagnant and river water has some kind of turbulence. Therefore, bottle rate is not representative of actual river condition. Another method, which is calibrating and validating of river water quality model, can be applied to determine the decay rates. However, it will require numerous rivers to be calibrated and validated, which is costly and time-consuming.
To overcome the problems, a laboratory flume has been used in this study. Laboratory flume can represent the turbulent condition of streams. Synthetic wastewater, which represents river water receiving partially treated sewage and raw sullage from the students' hostels, canteens and other facilities within the catchment. All the tests were performed in Kuala Lumpur, Malaysia, which is a typical tropical city. The tests were carried out within the time period of June and September 2016.
Literature review
Ammonia nitrogen decay rates in several parts of the world are shown in Table 1 . The methods adopted in those studies involved field study, laboratory study and model calibration. The table reveals that the decay rate can even be zero and as high as 9 per day and this range is very wide. In the earlier periods, the method of determining AN decay rate was basically either field study or laboratory study. However, later on in the twenty-first century, laboratory Zhang et al. (2015) Gharbia drain (Egypt) 6.93 QUAL2K model calibration Allam et al. (2015) Kaoping River (Taiwan) 0.137 Model calibration Tu et al. (2014) Gargar River (Iran) 2.0 QUAL2K model calibration Rafiee et al. (2014) Chungju Lake (South Korea) 0.29 WASP model calibration Park et al. (2013) Ravi River (Pakistan) 0.34 Laboratory study Haider et al. (2013) Taihu Lake (China) 0.197-0.305 Laboratory study Zhang et al. (2012b) Hongqi River (China) 0.1 QUAL2K model calibration Zhang et al. (2012a) Tan Sui River and its tributaries (Taiwan) 0.03-0.25 Laboratory study Fan et al. (2012) WASP manual Speed River (Canada) 0.2-4.41 Field study Gowda (1983) Holston river (USA) 0.15-0.3 Field study Ruane and Krenkel (1978) and field methods were replaced by computer models such as WASP and QUAL2K with the advancement of in-depth knowledge of water quality processes. Box plot of AN decay rates and percentage of decay rates within certain ranges are shown in Fig. 1a , b to better understand the frequency of AN decay rate. Biochemical oxygen demand (BOD) decay rate is also given in the figure from the literature. Although the range of decay rate is very wide, in most of the cases, the decay rate remains below 1 per day, which can be substantiated from both the box plot and percentage analysis. The median decay rate is 0.295 per day, which is significantly low compared to the maximum value, which is 9 per day. Furthermore, in more than 65% cases, the decay rate is below 0.7 per day. This finding is also supported by the recommended decay rate in Water quality Analysis and Simulation Program (WASP) manual, which is in between 0.025 and 0.6 per day (Ambrose and Wool 2009). Therefore, analysis of literature review suggests that the decay rate of AN is usually less than 0.7 per day, whereas in some cases, it may be more than 0.7 per day and even it can be as high as 9 per day (Bowie et al. 1985) . Decay rate of AN depends on degree of treatment of wastewater. As the water is treated in higher degree, AN decay rate tends to become slower. However, the type and amount of wastewater of the rivers mentioned in Table 1 were not explicitly described. Therefore, it is difficult to comment on the high decay rates of some rivers, e.g., Bagmati River in Nepal (5.2 per day).
Materials and methods
The schematic of the experimental procedure is given in Fig. 2 . A laboratory flume of 1.7 m in length and 0.15 m in width was used to conduct the AN decay rate experiment. The flume was locally manufactured with a typical setup of inlet, outlet, main channel, submersible pump, recirculation pipe and temperature control system. A thermostat was used to keep the temperature constant as the pump was releasing heat. The thermostat was also locally produced. The temperature was fixed between 26 and 30°C for different experiments, which represents the temperature of tropical climate. Synthetic wastewater and river water having different concentration of AN were used in the experiments. Synthetic wastewater was prepared by adding treated sewage and untreated sewage to tap water. However, the sewage used in this study was domestic sewage. Therefore, the scope of this study is rivers receiving domestic sewage only. In case of river water, no treated sewage or untreated sewage was added. The treated sewage was collected from local sewage treatment plant (STP) effluent, and raw sewage was collected from local cafe outlet. Once the water was prepared or collected, it was fed to the flume and recirculated by the pump. The experiments were carried out up to 30 h continuously. Sampling was done from the outlet, 3 times a day having a typical sampling interval of 2-3 h. However, at the end of the day time, i.e., in the night time, even if there was no sampling done because of logistic limitations, nevertheless, the water was continuously recirculated and sampling was continued in the next day. Twelve experiments were conducted, and for each experiment, 6 to 7 data points were obtained through sampling and testing. The hydraulic condition of each experiment was kept constant at a depth of 0.1 m and a velocity of 0.2 m/s. Once all the test results were obtained, analysis of these data was performed to obtain the decay rate of AN. According to the literature, the decay process of NH 3 -N follows the first-order kinetic equation (Chapra 2008; Ji 2008; Metcalf 2003) . Equation 1 is the first-order kinetic equation.
where N is the concentration of NH 3 -N after a time 't'; N 0 is the initial concentration of NH 3 -N; t is the time in days; k is the decay rate in day -1 . The data obtained through the experiments were fitted in this equation by nonlinear curve fitting method. The expression of first-order kinetic equation was used, and the 'k' value was solved for minimum root-mean-square error (RMSE). The decay rates obtained from the curve fitting method were extrapolated to rates at 20°C by using Eq. 2.
where k 20 is the NH 3 -N decay rate at 20°C; h is the temperature correction factor; T is temperature; k is the NH 3 -N decay rate at T°C. h = 1.085 (Bowie et al. 1985; Chapra 2008 ).
Testing of samples was performed according to American Public Health Association standard methods for the examination of water and wastewater (APHA 2005) .
Among the samples used in the experiments, one sample was directly from Pusu River. To check the accuracy of the flume experiments, water quality model of Pusu River was established in Water quality Analysis and Simulation Program (WASP) and the AN decay rate obtained from the flume experiment was used to calibrate and validate AN concentration of Pusu River. Other parameters, e.g., CBOD, DO and nitrate, were also calibrated and validated to make sure that the calibration and validation are done properly.
Results and discussion Figure 3 shows the details of water samples used in the decay rate experiments. For experiments 1, 5, 9 and 10, the water sample represents river water receiving primary treated sewage only. The water sample in experiment 2 represents a polluted river receiving primary treated sewage. The water samples of experiments 3, 4, 11 and 12 are actual river water from Pusu River, Batang Pusu in dry and wet season, respectively. Water samples in experiments 6 and 8 represent the water of a river receiving untreated sewage only. For experiment 7, the water sample reflects a river receiving both primary treated sewage and raw sewage. In all of the experiments, river water was also mixed to for riverine microorganism presence in the water sample. Unlike in a moving bed biofilm bioreactors (MBBR), where anammox bacterium is used to remove nitrogen from wastewater Zekker et al. 2012) , river waters usually do not contain anammox bacteria, but rather it contains aerobic autotrophic bacterium like Nitrosomonas (ammonia oxidizers) and Nitrobacter (nitrite oxidizers).
The use of different percentage of raw sewage or primary treated sewage can be justified by investigating how much wastewater a river receives in the real world. According to Haider (2010) , Ravi River in Pakistan receives a wastewater flow of two times of its actual flow, i.e., 67% of the total river water is wastewater in dry weather. In the case of Pusu River in Malaysia, it receives about 35% of wastewater of the total flow of the river in dry season. Anak Pusu, a tributary of Pusu River, receives about 12% of wastewater of the total flow in dry weather. The percentage of wastewater, treated or untreated used in the experiments have been used within the above-mentioned range. However, the amount of wastewater discharged into river does not depend on climatic regions, rather it depends on the density of population living in the river basin. Figure 4 depicts a typical example of data fitting into the first-order kinetic equation. The dots are the observed concentrations of AN, and the solid line represents the predicted concentrations after solving the kinetic rates for minimum RMS error with respect to the observed values. The predicted curve was obtained by solving the decay rate k of Eq. 1 for minimum root-mean-square error (RMSE) with respect to observed concentration. Figure 5a demonstrates the decay rates derived from the data fitting and errors of data fitting in terms of RMS error. Figure 5b illustrates correlation between observed and predicted data, and its significance is given by p value. RMS error can be observed to be between 0.03 and 0.34 mg/L, whereas initial concentrations of AN were between 0.68 and 8.45 mg/L and final concentrations were observed to be between 0.23 and 4.85 mg/L in the experiments. Therefore, RMS errors were quite low for the observed and predicted data. The R 2 value was between 0.89 and 0.98, which is quite well and acceptable. P value of the correlation between observed and predicted data was less than 0.05 for every experiment, which substantiates the correct correlation between observed and predicted data. The AN decay rates obtained from the experiments demonstrate that the range varied in between 0.194 and 0.554 per day, whereas the water samples were directly from river, synthetic water representing river water receiving raw sewage only and river water receiving treated sewage only and a mixture of them. The reported ammonia decay rate or nitrification rate was between the range of 0-9 (Bowie et al. 1985) , which is a very wide range. However, the analysis of decay rates based on (a) (b) Fig. 5 a Derived AN decay rates and RMS errors. b Correlation between observed and predicted data and its significance literature review revealed that the decay rate usually remains below 0.7. The experimental decay rates are within the range of reported rates, and the sample water was of different types of synthesized and actual river water. It can be explained as the presence of Nitrosomonas and Nitrobacter in normal concentration in the water samples, which are responsible for AN decay in river water. However, measuring the concentration of bacteria is not a part of this study and not usually done for river water quality modeling studies for what it was avoided in this study also. Nevertheless, it can be inferred from the results that neither excessive nor too few bacteria were present in the water samples, rather concentration of bacteria was normal. From these results, it can be concluded that the typical AN decay rates for Malaysia should vary between the range obtained from the experiments.
Even though a thermostat was installed at the outlet of the flume to control the temperature of flowing water, nevertheless, there was little variation in temperature during experimentation. Figure 6 illustrates temperature fluctuation in terms of standard deviation. For different experiments, temperature was in between 26 and 30°C, whereas standard deviation of any experiment was less than 2.11°C. Furthermore, Zekker et al. (2016) suggested that a temperature variation of up to 5°C does not have significant effect on AN decay rate provided that temperature is not less than 15°C. However, it can be significant if the temperature is 5-15°C . Therefore, it can be argued that the decay rates obtained from this study are accurate in terms of temperature variation. Figure 7 illustrates the calibration and validation of AN concentration of Pusu River in WASP model. The errors of data fit of the calibration and validation are shown in Fig. 8 . It can be observed that R 2 is 0.99 and 0.89 for calibration and validation, respectively, which implies a strong correlation between observed and model predicted values. RMS error is also low (0.55 and 0.35 mg/L for calibration and validation, respectively) compared to the average AN concentration of the river. It can be concluded from the goodness of fit data that the calibration and validation of Pusu River WASP model are well acceptable. Therefore, it is now comprehensive that the AN decay rate obtained from the flume experiment is correct and the decay rate from the flume can represent the river condition well.
Comparison of the results of this study has been made with the literature in Fig. 9 . It shows that maximum AN decay rate (0.55 per day) under the tropical environment of Malaysia is significantly low compared to the global maximum decay rate, i.e., 9 per day. Nevertheless, the median value is very close, which is 0.26 per day in this study and 0.28 per day globally, which is a bit higher than this study. One of the reasons might be the presence of less amount of AN decaying bacteria in this region. The minimum decay rate in this study was found to be 0.107 per day, which is quite high compared to the literature value of 0 per day. However, as discussed earlier, from Fig. 1 , it is understandable that a value of 0 or 9 is both exceptional and not typical. Overall, AN decay rate of Malaysian river water can be considered to be slightly low compared to the global decay rate.
Conclusion
Experimental results suggest that ammonia nitrogen decay rate of river water under tropical environment of Malaysia varies between 0.194 and 0.554 per day. The global range was found to be ranging in between 0 and 9 per day with a median value of 0.295 per day. Median value of AN decay rate of Malaysian river water has been found to be 0.26 per day, which is slightly lower than global value. The contribution of this study is filling up the gap of information regarding AN decay rate in tropical region and also shortening the range of AN decay rates for local climate. Successful calibration and validation of Pusu River water quality by WASP model using AN decay rate derived from the flume experiment support the accuracy of flume experiments. The findings of this study can be considered as reference for river water quality modeling in tropical region. 
